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Abstract 

Existing and planned radiotelescopes working in the millimetre (mm) and sub-millimetre wavelengths range provide 
the possibility to be used for atmospheric line observations. To scrutinize this potential, we outline the differences and 
similarities in technical equipment and observing techniques between ground-based aeronomy mm-wave radiometers 
and radiotelescopes. Comprehensive tables summarizing the technical characteristics of existing and future (sub)-mm 
radiotelescopes are given. The advantages and disadvantages using radiotelescopes for atmospheric line observations 
are discussed. In view of the importance of exploring the sub- mm and far-infrared wavelengths range for astronomical 
observations and atmospheric sciences, we present model calculations of the atmospheric transmission for selected 
telescope sites (DOME-C/ Antarctica, ALMA/Chajnantor, JCMT and CSO on Mauna Kea/Hawaii, KOSMA/Swiss 
Alpes) for frequencies between and 2000 GHz (150 ^m) and typical atmospheric conditions using the forward model 
MOLIERE (version 5). For the DOME-C site, the transmission over a larger range of up to 10 THz (30 /im) is 
calculated in order to demonstrate the quality of an earth-bound site for mid-IR observations. All results are available 
on a dedicated webpage. 
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1. Introduction 

1.1. Atmospheric line observations with 
radiotelescopes 

The millimetre and sub-millimetre wavelengths 
range contains a large number of atmospheric 
emission lines of molecular transitions (rotational, 
rotation- vibration, hyperfine structure lines), in- 
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eluding important atmospheric species such as 
H2O, O3, O2, N2O, HCl, CIO, OH, CO, among 
many others. Atmospheric scientists observe these 
molecules in different geometries (limb-, nadir-, 
and zenith-sounding) either with ground-based mm- 
wave radiometers in the frequency range of 20 to 
300 GHz (15 to 1mm) or with airborne and space- 
borne sensors (up to '^2.5 THz or 110 /im), less 
affected by the absorption of water vapor in the 
Earth's troposphere. While the references for ob- 
servations in the mm- wavelengths range are numer- 
ous, there are significantly fewer observation sys- 
tems at high frequencies. Examples for satellite in- 
struments are SMR (Sub-Millimetre Radiometer) on 
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Odin [Frisk et al.l . l2003| . launched in 2001, working 
in the frequency band 486-580 GHz and the Mi- 
crowave Limb Sounder (MLS) on Aura, operating 
several radiometers aroun d 180, 230, 625-660 GHz, 



and at 2.5 THz since 2004 f Waters et al1 . l2006l |. The 



launch for JEM/SMILES (Japanese superconduct- 
ing submillimeter-wave limb-emission sounder) with 
a 640 GHz SIS rad iometer is planned for late 2009 
2006j . 



Kasai et al 



Ground-based microwave radiotelescopes (RTs 
from now on) are normally devoted to perform 
radio-astronomical observations in the (sub)-mm re- 
gion which is the typical emitting wavelength range 
for various transitions of molecules. More than 140 
molecules have already been detected in space (with 
CO as the most abundant one after H2) and the 
list is continuously growing. Planned facilities at ex- 
tremely dry sites, such as DOME-C in Antarctica or 
CCAT (Cornell-Caltech Atacama Telescope) in the 
Andes, would enable to access even the THz range 
and thus observations of interesting atomic and ionic 
lines like ionized nitrogen, [Nil], at 1.46 THz, and 
molecular transitions like high- J CO, HCN, and 
HCO+ lines and hght hydrides (NH+, NH2 etc.) 
would become possible. These tracers are used to 
study the physics of UV illuminated regions or very 
dense star forming regions. 

The technical equipment and observing proce- 
dures are originally designed for astronomical ob- 
servations that normally cancel out the atmospheric 
contribution. In addition, RTs always work in up- 
looking geometry. However, using special observing 
methods, RTs already have been used in the past 
to make sporadic measurements of the line emission 



of atm ospheric species ( e.g. H2O, Bar ret and Chund 
' l962i:[&oom 1196 5 1: Beyilaaua et al. 1 9831: HO2, 

1968], 
19811], 



Sandor and Clancy Jl998j ]: O ^. ICaton et a l 



Connor et aP Il987ll : CI O. IParrish et al.1 



Solomon et all [l984; CO. IWaters et alJ|l976i )Tand 



to perform long-term monitoring projects (e.g. CO, 
Bocs fl994l). 02-Zceman splitting was observed by 
Par do et al., [1995]. The typical altitude range cov- 
ered by these observations is 10-80 km with an alti- 
tude resolution ranging from 5-20 km. Going down 
much lower in altitude is not always useful because 
(i) the molecular line is very broad and spectrally 
not resolved due to the limited bandwidth of the 
receiver, and (ii) absorption (= emission) is domi- 
nated by water vapor and dry air and thus a line can 
not be separated from the water vapor and dry air 
continuum 

The motivations for observing atmospheric 



lines are mannifold. Many mm-wave hetero- 
dyne instruments belong to the "Network for 
Atmospheric Composition Change" (NDACC, 
http://www.ndsc.ncep.noaa.govl). These and 
other radiometers focus on the short and long 
term abundance variations of stratospheric 
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Raffalski et al.l 20051: 


Steinbrecht et al.. 


2006 



as well as strato -i nesosp heric 
Seele and HartoghL Il999[ 



water vap or 



Nedoluha et al 



A large number of molecules of prime interest 
for middle atmospheric sciences, often having 
only very low abundances, can be observed and 
studied using this remote technique. Besides, 
(mainly campaign-based) observations of key 
species related to polar ozone depletion such 
as CIO and HNO^ IShindell and de Zafral. [1996 : 



2001 



de Zafra and SmvshlvaevT 
2002| . and longer-lived species 



Muscari et al 
such as N2 O 
and CO have been succesfuUy measured. They 
are particularly useful as t racers of mid d le at- 
mosp heric 



transport |e.g. 



ide Zafra and Muscaril 120041 : iForkman et al 



Crewell et al 




Another example is the observation of the atmo- 
spheric HCN molecule that has been detected at 
three different radio-astronomical observatories, i.e. 
the Cologne Observatory for Sub-mm Astronomy 
(KOSMA, Gornergrat, Switzerland), the James 
Clark Maxwell Telescope (JCMT, Mauna Kea, 
Hawaii), and the Caltech Suhm m Observatory 
(CSO, Mauna Kea , Hawaii) [e.g. lOespois et al.L 



I2OOOI: iLautiel . l2003j . These measurements will be 



further discussed in another paper [Lautie et al. 
2009 in prep., Paper-II]. A dedicated instrument 
routinely used on an astronomical telescope (the 
CSO) for atmosph eric studies is a Fo urier Trans- 



form Spectrometer Pardo et al. , l2004l ] 



RTs are also powerful tools to study the chem- 
istry in the upper strato sphere and mesosphere 
Sandor and Clancy , 19981 ] . They can record the di- 



urnal variations of atmospheric trace gases and, 
hence, complete observations from sun-synchronous 
orbiters, which are at fixed local times. Furthermore, 
observations with RTs can provide a database of 
rarely observed molecules to validate satellite ob- 
servations and can be used for observations of the 
atmosphere of other planets in the solar system. Fi- 
nally, RTs can also be used to derive mesospheric 
wind vectors from the Doppler-shift of observed lines 



Burrows et all . 12007 ]. 



Due to the increase of the tropospheric back- 
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ground absorption (dominated by water vapor and 
dry air continuum) with frequency throughout the 
mm- and sub-mm wavelengths range, spectral win- 
dows with sufficiently low optical thicknesses for 
ground-based observations of middle atmospheric 
target species can mainly be found at frequencies 
smaller than ~300 GHz. Since, at the same time, 
the line intensities of most minor species increase 
with frequency in the sub-mm range, highest possi- 
ble frequency windows are of interest and measure- 
ments shall preferably be performed at extremely 
dry sites, similar to radio-astronomical observations. 
However, the maximum upper limit for obtaining a 
profile and not only a column, i.e. the altitude of 
the transition from pressure to Doppler broadened 
lines, decreases with rising frequency. It is typically 
90 km at 100 GHz and 70 km at 2 THz. 

In order to efficiently use RTs for atmospheric line 
observations, it is mandatory to have an overview 
of available front- and back-ends of existing and 
planned RTs and to fully understand the employed 
observing techniques. For this reason we present in 
this paper a short review of the basic principles how 
radio-observations are performed and summarize in 
detail the main properties of the instruments. Com- 
prehensive tables including all astronomical (sub)- 
mm facilities are given. 



1.2. Transmission curves 

For both, astronomical and aeronomy observa- 
tions in the sub- mm/far-infrared (FIR) range, it is of 
prime importance to assess the quality of the atmo- 
sphere in terms of transparency. Only extremely dry 
sites allow to access this spectral range. We therefore 



used the forward model MOLIERE-5 Urban et al 



2004a| to predict the atmospheric transmission for 
sites of interest for sub-mm/FIR astronomy. In this 
paper, we show the results for frequencies between 
and 2000 GHz for the sites of Chajnantor/Chile, 
DOME-C/ Antarctica, Mauna Kea/Hawaii, and 
KOSMA/Swiss Alps. A more comprehensive list 
of observatories covering different wavelengths and 
various regimes of atmospheric conditions is made 
available on http://transmissioncurves.free.fr In 



Paper-Ill of this series (Schneider et al., 2009, in 
preparation) we compare the results obtained with 
MOLIERE-5 to other atmospheric models used in 
radioastronomy, i.e. ATM (Atmo s pheric Transmis- 



sion at Microwaves, iPardo et all 120011). A TRAN 



(Atmospheric TRANsmission. iLordl |l992l |). and 



AM (Atmospheric Model. IPaiiii |2004| ). 

2. Radiotelescopes vs. mm- wave radiometers 

In this section, we summarize the principal sim- 
ilarities and differences between mm-wave radiote- 
lescopes and aeronomy radiometers. An overview of 
the sites is given in Table 1 (as of summer 2009 see 
individual websites given in column 6 for more re- 
cent information) , and the main instrumental char- 
acteristics are summarized in Table 2. 

2.1. Technical equipment 

2.1.1. Optics 

Millimeter-wave RTs are movable, single, 
parabolic dishes with 1 to currently 45 m di- 
ameter. The emission is received in the main 
dish and reflected on the subreflector. The Half 
Power Beam Width (HPBW) depends on the tele- 
scope diameter d and the observing frequency v 
(HPBWn ~ 1260/(d [m] x ly [GHz]) and varies 
typically between 0.1' (300 GHz @ 30m) and 11' 
(100GHz@lm). 

In contrast, aeronomy heterodyne receivers are 
normally non-steerable instruments with a focus- 
ing mirror or horn antenna as entrance aperture, 
leading to large beam sizes of typically a few de- 
grees. The size of the beam as well as a possible 
error-beam pickup is normally unimportant for 
atmospheric observations. 

2.1.2. Front- end 

Both types of ins truments use the superhetero- 
dyne principle Kraus . 1986] to convert the high fre- 
quency signal fg via a mixer into a low-frequency 
intermediate signal fjF- Due to the mixing process 
with a signal from a local oscillator iLOi two ma- 
jor frequencies are produced: fLO~fs and fLO+fs- 
Heterodyne receivers can work in double- (DSB) or 
single-sideband mode (SSB), depending on whether 
the detector receives both side bands or whether one 
is suppressed. In the latter case, one of the bands 
fiO~fs or fs-fio can be choosen. Aeronomy line ob- 
servations are normally performed in SSB mode in 
order to prevent confusion of pressure-broadenend 
lines from both sidebands. 

Critical parameters for the detection of a signal 
Tsig [K] are the frequency resolution Av [Hz], sys- 
tem noise temperature T^j^^ [K] and integration time 
tint [s] ■ We define the system noise temperature as 
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the sum of the receiver noise teniperature and the 
signal brightness temperature: Tsys = T^rec + T^sig 
[K]. The rms noise is AT^^s = T^^s / \/ ( Az/ Unt ) ■ 
However, the radiometer formula is only correct as 
long as the receiver noise is the rmal in nature. The 
time when the Allan variance [Allanl . Il972l | has a 
minimum (" Allan minimum time" ) , is the maximum 
integration time up to which the noise decreases with 
integration time. The integration time should there- 
fore not be longer than this Allan minimum time. 
It is typically in the range of a few seconds up to 
several tens of seconds. 

The receiver temperature depends critically on 
the mixer and first amplifier in the chain. Schottky- 
diode mixers use the non-linear current- voltage char- 
acteristic of metal/semi-conductor diodes for the 
mixing process and reach typically noise temper- 
atures of a few hundreds to one thousand Kelvin 
(double sideband mode, 100 to 400 GHz). SIS 
{Semiconductor- Insulator- Semiconductor) receivers 
on the other hand, reach DSB noise temperatures 
as low as around 80 to 200 K in the same frequency 
range. 

RTs nowadays employ SIS receivers up to 1 Tera- 
hertz (THz) which are cooled by a reservoir of liquid 
helium or a closed-cycle system. The same is true 
for stationary aeronomy radiometers though Schot- 
tky systems are still employed due to their easy han- 
dling and robustness. This is an important criteria 
for automatic operation over long time periods in 
remote locations. Many of these receivers are tuned 
to a fixed frequency in order to monitor a particular 
spectral line (e.g O3, H2O). Recent developments 
to reach higher frequencies -both, in aeronomy 
and astronomy- employ Hot Electron Bolometers 
(HEB) that operate as heterodyne mixer elements 
for down conversion of the observed signal into 
an intermediate frequency signal. For example, the 
HEB instrument C ONDOR (CO N+ Deuterium Ob- 
servat ions Receiver, Wiedner et al.l 200d | Wiechin3 
[20071) working between 1.3 and 1.5 THz, was suc- 
cessfully installed at the APEX radiotelescope in 
Chile. 



2.1.3. Back-end 

Spectroscopy of (sub)mm-wave molecular and 
atomic lines requires a real-time spectrometer in 
combination with the heterodyne receiver. Dif- 
ferent types of such spectrometers are available, 
namely 'filtcrbanks', 'chirp-transform spectrom- 
eters (CTS)', 'auto-correlators' (AC), 'acousto- 



optical spectrometers (AOS)', and 'FFTS' (Fast 
Fourier Transform Spectrometer). While CTS offer 
only relatively small bandwidths, all other instru- 
ments have been built with bandwidths of the or- 
der of 1-4 GHz which is important for the detection 
of pressure-broadened atmospheric lines in order to 
cover the contributions to the spectrum originat- 
ing from low altitudes (typically a few to 20 km). 
An equidistant resolution over the whole bandwidth 
is usually required. Upper atmosphere sounding re- 
quires a frequency resolution of the order of 0.1-1 
MHz. Bandwidth and spectral resolution of a filter- 
bank spectrometer are in principle flexible design 
parameters, however with increasing bandwidth and 
high spectral resolution this type of instrument is 
getting voluminous and unpractical. Thus, AOS, 
AC, and FFTS are often the preferred choice for 
both, aeronomy and astronomy, measurement sys- 
tems. 

2.2. Observing Methods 

2.2.1. Radioteles copes 

The definition for observing with RTs is that a 
signal position refers to the emitting astronomical 
source and a reference position to an emission free 
position away from the astronomical source. In the 
following, we give an overview of all observing meth- 
ods employed for observations using RTs. Figure 1 
shows measurements of mesospheric CO, taken at 
the KOSMA 3m telescope, to illustrate the observ- 
ing methods suitable for atmospheric line measure- 
ments. 



Position-switching (PS) 
This is the most simple observing mode for RTs. 
The telescope observes alternately the signal and 
the reference position, the latter being subtracted 
from the signal. This procedure eliminates most in- 
strumental and atmospheric effects, accordingly it is 
not suitable for telluric lines. The integration time 
may be adapted to the total system stabilit y time 
deter mined by the Allan variance method [Allarj, 
1972|. Standing waves in the optical path appear 
as frequency dependent baseline ripples in the spec- 
trum. Moving the sub-reflector between the signal- 
and reference phases by 1 /4 of the observing wave- 
length can help to compensate for this effect. We 
succesfully employed this correction-method for our 
frequency-switching atmospheric HCN observations 
at the KOSMA radiotelescope (Paper II). 
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Beam Switching (BS) 
For this observing mode, the secondary mirror is 
tipped by a smaU angle ('chopped') at a choosen fre- 
quency and ampUtude ('throw'). The detected sig- 
nal is the difference between the sky and reference 
signals. The advantage of this method is that switch- 
ing can be performed much faster than with the PS 
method but the switch throw is normally limited in 
distance to the source (up to a few 10'). This method 
also naturally cancels out atmospheric lines. 



Absorption measurements (AM) 
Absorption measurements against Sun, Moon or 
mountains are performed in a similar way as for load 
switching by replacing the cold load with the astro- 
physical object or mountain (see Fig. Ic and Id). 
However, the calibration of these spectra is often dif- 
ficult due to large differences in the continuum level 
and due to the fact that neither mountains nor plan- 
ets, moon, or sun are perfectly emitting as a black- 
body. 



Frequency Switching (FS) 
In this case, the frequency of the local oscillator is 
switched between two values of the LO frequency (f 
and i+Sf), separated by typically a few to a few tens 
of megahertz, whilst observing only in the signal 
path. Both spectra (S(f) and S(f+(5f)) arc then sub- 
tracted so that in the final spectrum SI = S(f+(5f) - 
S(f), a positive and a negative line appear (see 
Fig. la). A modification of simple FS is the 'Double 
frequency switching' mode in which the LO is also 
switched in the opposite direction (i-Si) , leading to 
an additional spectrum S2 = S(f) -S(f-^f). The final 
spectrum can then be computed as S =0.5 (SI - S2) 
= S(f)-0.5xS(f-(Sf)-0.5xS(f-H^f). 

If the LO system (normally stabilized by a phase 
locked loop) is not stable enough to support fast 
switching, FS can be mimiced by switching the fre- 
quency every signal phase (typically 20-40 s). All 
FS procedures enable to observe atmospheric lines 
directly. However, if a frequency range with a high 
density of spectral lines is observed, crowding and 
overlapping of spectral features can be a problem, in 
particular if working in DSB mode. Broad lines such 
as those from ozone in the lower stratosphere are 
very critical whereas narrow lines like mesospheric 
CO are less critical. If the frequency throw is too 
small, the line wings of a pressure-broadened line are 
cut off, restricting the exploitable altitude range. 



Load Switching (LS) 
If the reference position is not taken on the sky, as 
for total power, but on the cold load of the receiver, 
formally a spectrum can be calculated by subtract- 
ing the load spectrum from the signal spectrum (see 
Fig. lb). Atmospheric lines are generally observable 
with this method but the continuum offset between 
cold load (liquid nitrogen at 77 K) and sky is large 
and standing waves are typical so that this method 
is not appropriate for detecting weak lines. 



2.2.2. Aeronomy Receivers 
Total Power 

Strong atmospheric lines can be observed using a to- 
tal power method, i.e. the sky measurement is per- 
formed at a fixed elevation angle and the received 
signal is calibrated in frequent intervals with mea- 
surements of a hot and cold calibration source. As 
explained above, baseline ripples due to standing 
waves in the optical paths may be suppressed by us- 
ing a phase-wobbler which frequently changes the 
optical path lengths (e.g. by 1/4 of the observing 
wavelength). 



Load switching and Frequency Switching 
These procedures (described in Sec. 2.2.1) may also 
be used for aeronom y observations. See for example 



Ricaud et al.l jl991j for a detailed description and 



application of the frequency-s witching technique for 
ozone observations as well as iLobsiger et al. I |l984j 
for load switching ozone measurements. 



Balanced Beam Switching (BBS) 
This commonly employed different ial observing 
metho d was initially developed by IParrish et al. 
|l988j . It uses an atmospheric measurement at low 



elevation (typically between 10° and 20°) resulting 
in a large emission path length along the line-of- 
sight, providing a strong signal, and a reference mea- 
surement (R) at higher elevation (typically >50°) 
with a much weaker emission strengths. In order to 
compensate for the offset in the received power be- 
tween the two views, an absorber (such as a plexi- 
glass plate) is put in the reference path. Fine balanc- 
ing of the power levels in signal and reference path 
is achieved by varying the elevation angle of the sig- 
nal view. The difference S-R then contains the dif- 
ferential signal emission in which - to first order - 
instrumental effects such as receiver non-linearities 
and standing waves are removed. This technique is 
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commonly employed by ground-based radiometers 
within the framework of the NDACC. 



2.4. Requirements for astronomical and 
atmospheric observations 



Balanced Load Switching (BLS) 
An alternative to the beam switching technique is 
the Balanced Load Switching (BLS) method, where 
the reference watches the cold load instead of the 
atmosphere and the balancing is achieved by mixing 
the cold signal with an absorber at ambien t temper- 
ature using a turnable wire grid [e.g. lRaffalski et al.i . 
2005j . This procedure is similar to the 'Dicke- 
switching' method used in radioastronomy. 



2.3. Correction of tropo spheric absorption 

Outside the line centres, the atmospheric trans- 
mission relevant to an observer at the ground is 
determined by the tropospheric absorption whilst 
strato-mesospheric lines and continua have typically 
only a negligible contribution. The most important 
factor for the tropospheric transmission is the (fre- 
quency dependent) tropospheric water vapor profile. 
Atmospheric emission (and absorption) is a function 
of temperature. Spectral line broadening as well as 
collision induced non-resonant continuum absorp- 
tion are also functions of pressure. 

By using a mechanical or software simulated 
'chopper-wheel' calibration or a 'sky dip' measure- 
ment, the troposheric opacity r is calculated and 
the detected emission in terms of calibrated antenna 
temperature [K] can be corrected as 



TA=T^exp{~TA) [K]. 



(1) 



A « 1 / sm{elevation) is the geometrical air mass 
factor. The 'sky dip' method consists of mea- 
suring either distinct points or continuously the 
atmospheric emission from high to low eleva- 
tions and derive the opacity by an exponential 
fit to equation 1. T h e 'cho pper wheel' calibration 
Penzias and Burru^ . 1973| defines the calibration 



signal to be the difference between an absorber at 
ambient temperature and the sky. Finally, the cali- 
brated antenna temperature has to be corrected for 
the telescopes forward- and main beam efficiency to 
derive main beam brightness temperatures [see e.g. 
KrausLll98d . 



Astronomical observations with single dish RTs 
typically require an absolute calibration accuracy 
of lower than 10%, an equidistant, good frequency 
resolution, and a good pointing accuracy (better 
than 20% of the beamsize). The required beam- 
size depends on the astronomical project, i.e. large 
beamsizes for efficiently mapping large areas on the 
sky, small beamsizes for extragalactic and detailed 
Galactic studies. For atmospheric line observations, 
the calibration should ideally be better than 1%, in- 
cluding sideband ratio calibration and tropospheric 
correction. Pointing and beamsize are less impor- 
tant but the requirements for long-term stability and 
good baselines are high. Both, high-resolution fre- 
quency observations (e.g. narrow lines in the meso- 
sphere) and broadband observations (broad lines in 
the troposphere and lower stratosphere) are impor- 
tant. 



2.5. Characteristics of Radiotelescopes 

Table 1 lists all radiotelescopes operating in 
the mm- and sub-mm wavelengths range with 
an antenna radius between ~lm and 45 m which 
can potentially perform atmospheric observations. 
Four of them are located in Europe, five in the 
US (two of those in Hawaii), three in South Amer- 
ica (Chile), three in Asia, and one in Australia. 
Eight telescopes are situated at high altitude 
sites (> 3000 m). Not listed are mm- and sub- 
mm interferometers though it can be of interest 
to use these explored sites to install aeronomy 
radiomete rs. For exam p le, a radiometer monitor- 
ing CIO Ricaud et al. . 2004 !| was placed on the 
Plateau de Bure in the French Alps, hosting an 
interferometer with 6mm-antennas of 15 m size 



(http://iram.fr). Other locations are the Submil- 
limeter Array (http://sma-www.harvard.edu/) 
in Hawaii/USA, the Combined Array for Re- 
search in Mm-wave Astronomy (CARMA, 
http://www.mmarray.org) located in Califor- 
nia/USA, the Australia Telescope Compact 
Array (ATCA, http : / / narr abri . at nf . csiro . au) , 
and the Nobeyama Millimetre Array (NMA, 
|http://www. nro.nao.ac. jp). The Atacama Large 
Millimetre Array (ALMA) with at least 50 dishes of 
12m diameter each is currently being constructed 
on the plateau of Chanjantor and is expected to be 
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operational with some antennas starting from 2012. 
A 50m single dish sub-mm-RT (the Large Millime- 
tre Telescope, LMT, http://www.lmtgtm.org) is 
set up in Mexico and foreseen to receive first light 
in 2009. Other sites under investigation for sub- mm 
RT are located in Chile (the Cornell-Caltech Ata- 
cama Telescope CCAT, http: / /www.submm.org| 
and Antarctica (DOME-C at the Concordia Sta- 
tion, DOME- A at 80° S on the Antarctican Plateau 
at an ahitude of 4093m, and DOME-F at 77° S at 
an altitude of 381Gm). 

The technical specifications of the telescopes 
listed in Table 1 are given in Table 2. We do not in- 
clude bolometers in this list since we focus on spec- 
troscopy. However, using bolometers can be interest- 
ing for the study of atmospheric emissivity changes 
due to pwv or broad planetary absorption lines. For 
most of the telescopes, different receivers in vari- 
ous tuning ranges are available. Please note that all 
back-ends can usually be attached to all front-ends 
and are thus given in just one line of the table. 

Nearly all radiotelescopes use SIS mixers that pro- 
vide low receiver noise temperatures and work in 
DSB mode, in which emission from the upper and 
lower sidebands are overlaid and indiscriminately 
detected. The receivers have large tuning ranges al- 
though for some RTs, certain frequency windows are 
intentionally excluded (e.g. the 280-320 GHz or 380- 
420 GHz range) since the atmosphere is opaque at 
these frequencies due to strong H2O and O2 line ab- 
sorption. As back-ends, acousto-optical spectrome- 
ters, filterbanks, and recently Fast Fourier Trans- 
form Spectrometers are widely distributed and offer 
a wide range of bandwidths and spectral resolutions. 
The receiver bandwidth is typically around 1 GHz. 



3. Using radiotelescopes for atmospheric 
line observations 

The HCN observations presented in Paper-H, per- 
formed using three well-known sub-mm radiotele- 
scopes, together with a long tradition to use RTs 
for sporadic measurements of atmospheric lines raise 
the question how useful RTs are for such measure- 
ments. In particular with respect to new anten- 
nas (ALMA, LMT) and envisaged projects (DOME- 
A/C, CCAT) it is of great interest to explore the 
possible use of these telescopes for observing telluric 
lines. Accompanying the exploitation of these very 
good observing sites, the technical development of 
front- and back-ends opens now also the possibility 



to observe up to a frequency of 1.5 THz using broad 
band (bandwidth > 2 GHz) receivers and spectrom- 
eters. This would enable to observe a number of 
interesting molecular and possibly atomic species 
at high-frequencies covering the stratosphere and 
mesosphere. Due to the high sensitivity and angular 
resolution, it is now also feasible to investigate the 
atmosphere of other planets (e.g. detection of CO 
and other molecules i n the Martian atmosphere, see 
Encrenaz et al. |2004 1 for a summary) . 

In the following, we summarize advantages and 
disadvantages of using RTs for atmospheric line 
observations: 



Advantages 

RTs are installed on explored sites that offer well- 
developed logistics and simple access (exceptions 
are DOME-A, C and F in Antarctica). The geo- 
graphical coverage is large though only a few in- 
struments exist at high latitudes. The use of RTs 
is normally open to the aeronomy community and 
observing time can be granted via proposals or 
guaranteed time. 

Some telescopes have spare time that is not used 
for astronomical observations and could be allo- 
cated for aeronomy measurements. Examples are 
the JCMT during daytime or Mopra and KOSMA 
during the summer period. 

RTs are flexible measurement systems provid- 
ing front-ends and back-ends suitable for a wide 
range of applications, ranging from observations 
of strong narrow lines that require a high spec- 
tral resolution to measurements of weak broad 
features (rare and complex molecules in the at- 
mosphere, observations of external galaxies and 
the Galactic center). Of particular interest for 
aeronomy is the detection of weak and pressure- 
broadened lines which is feasible by the provided 
technical equipment. Nearly all RT receivers are 
of SIS type, providing very low noise temperatures 
(typically <100 K @ 200 GHz). New instruments 
using HEBs (Hot Electron Bolometer) extend the 
accessible frequency range up to ^^1-2 THz. 
RTs have implemented robust and well tested 
methods for precise calibration to obtain cor- 
rect main beam brightness temperatures (see 
Sec. 2.2.1). The calibration error, however, can 
be of the order of 5-10%, depending on site and 
weather conditions. Standard procedures to de- 
termine the tropospheric opacity are also provided 
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(see Sec. 2.3). As an additional feature, astronom- 
ical sources of well-known emission strength can 
be used in two ways for improving the calibra- 
tion (for example the sideband-ratio): (i) the as- 
tronomical object is observed before and after the 
aeronomical observation or (ii) the astronomical 
object is all the time visible in the spectrum. In 
the latter case, blending of lines has to be avoided. 

- RTs offer possibilities to overcome baseline prob- 
lems due to standing waves and reflections by 
moving the subreflector by A/4 or by random mov- 
ing. 

- RTs are steerable instruments and can thus be 
used for skydips and/or scanning the atmosphere. 

- Standard software tools are usually available for 
RT operation and calibration. 



can easily be performed with RTs before a dedicated 
aeronomy receiver is built and installed for long- 
term monitoring of trends and variability. It should, 
however, be considered that the atmospheric abun- 
dance of some molecules of interest for aeronomy is 
high enough only at high latitudes where currently 
no (sub)-mm telescope is installed. Long-term mon- 
itoring projects of standard molecules with strong 
lines - like e.g. the observation of strato-mesospheric 
CO- are easy to do with standard RT observing 
modes and have in fact already been realized [e.g. 
Boesl . Il994l 7- year time series of atmospheric CO 
using KOSMA]. 

4. Prediction of the Earth's atmospheric 
transmission 



Disadvantages 

— Since the instruments are not movable, the geo- 
graphical location of RTs is restricted to certain 
geographical areas on the globe. 

— Observing time -in particular for the sub- mm 
telescopes and for a sophisticated instrument like 
ALMA - is very valuable and sometimes difficult 
to obtain. Long-term monitoring projects are thus 
hard to realize unless spare time (e.g. daytime at 
JCMT, see above) is efficiently used. This, how- 
ever, may impose a bias on the observations de- 
pending on the scientific application. For exam- 
ple, it may be difficult to observe diurnal and sea- 
sonal variations of some molecules as well as to 
analyse their long-term variability. 

— RTs are not concepted for atmospheric measure- 
ments so that special observing techniques (e.g. 
subreflector movement for the reduction of stand- 
ing waves) are often not implemented in the nor- 
mal procedures. However, astronomical observa- 
tions may benefit from optimisations and stan- 
dard implementation of these techniques as well. 

— A calibration uncertainty of up to 10% can be too 
high for certain aeronomical applications that de- 
mand a high precision. Pure detection projects 
or monitoring of strong lines (for example meso- 
sphcric CO) are not problematic. 

Considering the pro and contra arguments for the 
use of radiotelescopes for atmospheric line obser- 
vations, we come to the conclusion that RTs offer 
indeed a very good opportunity for certain appli- 
cations in aeronomy. In particular exploratory ob- 
servations of 'exotic' and thus probably weak lines 
or high-frequency transitions of standard molecules 



4.1. Introduction 

The simulation of the atmospheric transmission is 
essential for all astronomy and middle atmospheric 
applications. In astronomy, the knowledge of atmo- 
spheric transmission at a given frequency is manda- 
tory to asses the quality of an existing or future 
observatory site. It is also essential for the cali- 
bration since it is required to calculate the system 
noise temperature in case the opacity is not inde- 
pendently determined. Remote observations of the 
Earth's middle atmosphere require to model ac- 
curately the observed emission spectra. 'Forward 
models' are used to describe the radiative transfer, 
spectroscopy, and instrument characteristics and to 
compute weighting functions with respect to the 
searched atmospheric quantities. A versatile forward 
and inversion model for the (sub)-mm wavelengths 
range used in many aeronomy applications is the 
MOLIERE-5 code (Microwave Obser vation Line Es - 



timation and REtrie v al) . See, Schneider et al. 2003| : 



Urban et a!] [2004aj : iKasai et al 
for the analysis of ground- based and 



20061 ] for its use 
airborne 



microwave observations, and lUrban et al.l 2005b 



2007al | for applications with respect to space-borne 
missions. MOLIERE-5 has also been used for predic- 
tion/feasibility studies of future satellite projects for 
the exploration of the Earth and Mars atmospheres 
(Urban et all . l2000al l2005al | . 

There are other at mospheric inodels that have 



been used to date fsee lPardo et al.l [200l| for a short 



summary). A discussion of these models and a com- 
parison with MOLIERE-5 is the subject of Paper- 
Ill (Schneider et al. 2009, in prep.). Here we focus 



8 



on a short description of MOLIERE-5 and present 
the results of the modeled atmospheric transmission 
in the sub-mm/FIR range for different observatory 
sites. 



4.2. The forward model MOLIERE-5 

A detailed mathematical description of the 
MOLIERE-5 forward and inversion m odel and the 
underlying principles is provided by lUrban et al. 
[2004a] . Designed for a variety of applications, 
the model comprises modules for spectroscopy, 
radiative transfer, and instrument characteristics. 
Important features of the absorption coefficient 



module are the line-by-line calculation as well as 
the implemented H2O, O2, N2, and CO 2 con- 
tinuum models Borvsow and Frommholdl. 1986 



1993 



ClouE^h et al.l. 198'ft"Liebe et al.l . 1993t Rosenkranz . 
1. 12001 



Pardo et al.l . l200l| . Note that MOLIERE-5 is 



a 'clear-sky' model that simulates atmospheric gas- 
phase emission and absorption. It does not include 
the radiative effect of cloud droplets or ice (see, e.g., 
Prigent et al.l [2006j for a discussion of this effect). 



The radiative transfer module allows for calcula- 
tions in different geometries such as limb and nadir 
sounding from orbiting platforms as well as up- 
looking observations of ground-based or airborne 
sensors. A spherically stratified (1-D) emitting and 
absorbing (non-scattering) atmosphere in local ther- 
modynamical equilibrium is assumed, i.e. the source 
function is given by Planck's function. The geomet- 
rical radiation path is corrected for the effect of 
refraction. Weighting functions, required for inver- 
sions, are calculated by differentiating the radiative 
transfer equation analytically after discretisation. 
The radiative transfer model is supplemented by a 
sensitivity module for estimating the contribution to 
the spectrum of each catalogue line at its centre fre- 
quency, enabling the model to effectively filter large 
spectral data bases for relevant spectral lines. 

The spectroscopic parameters used in MOLIERE- 
5 ar e obtaiii e d fro m the VERDANDI cata- 
log ( Eriksson!, 1999ll that con tains the JPL 



Pickett et al.. . ll998t and HITRAN [Rothman etal 
1998j line parameters up to 10 THz. The 
catalog is updated regularly and available at 
http://www.chalmers.se/rss/. We included all spec- 
tral lines in this catalog of molecules with a contri- 
bution of 0.1 K brightness temperature to the spec- 
trum up to 10 THz. 

Several independent modules permit accurate 



simulation of instrument characteristics such as the 
antenna field-of-view, the sideband response of a 
heterodyne receiver, as well as the spectrometer 
bandwidth and resolution. Frequency switched ob- 
servations may also be modelled. These features, 
however, were not used for the forward-calculations 
presented here but are required to model real obser- 
vations. This particular feature makes MOLIERE-5 
a very useful tool for aeronomy and astronomy ap- 
plications and makes it different from other atmo- 
spheric models where instrumental effects are not - 
or only partly included. 

We use the following II2O line and continuum 
and dry air models for the calculations presented in 
this paper. 

Frequency range 1 - 1000 GHz 

The absorpti on due to water va por is modeled 
as described in iPardo et al.l 200 Ij : all H2O lines 
up to 10 THz are calculated in order to account 
for the H2O far- wing absorption below 2 THz. 
In addition, a pseudocontinuum water vapor ab- 
sorption (cx ly'^) is derived from Fourier Transform 
Spectrometer (FTS) obe r vation s in the 0.5-1.6 



THz regime jPardo et al. . l2005l |. The absorption 



due to dry air continua is (i) coUisionally induced 
absorption (N2 and O2) that is also contained in 



the o bservationally based model of iPardo et al 



2001j , and (ii) relaxation (Debye) absorption of O2 



th at is implernented usin g the formalism de scribed 
Rosenkranj |l993l | and lPardo eFaP [2001 1. 



Frequency range 1000 - 2000 GHz 

Based on FTS measuremen ts in the 0.5-1.6 
THz range, IPardo et al.l [2005| showed that the 



cx approximation for the H2O pseudocontin- 
uum starts to fail for frequencies >1 THz and 
that the exponent seems to be lower than 2 for 
ly >1.1 THz. We thus use the semi-empirical 



MT-CKD-2004 mod el ( jhttp : / / www.rtweb . aer . com 
Clough et al.l 120051). a continuation of the older 



CKD-model [Clough et al.l . ll98 9]. It includes contin- 
uum absorption due to water vapor, nitrogen, oxy- 
gen, and CO2. A new feature is that the self- and 
foreign continuum models are each based on the 
contributions from a collision induced component 
and a line shape component. These are applied to 
all water vapor lines from the millimetre regime to 
the visible, and the results are summed to obtain 
self and foreign continuum coefhcients from 0-20000 
cm~^ (0-600 THz). The high-frequency collision- 
induced spectrum of nitrogen is extracted from the 



9 



formulation of Borvsow and Frommhold 1986| . The 
model is scaled with a factor 1.34 as suggested by 



Boissoles et al.l [2003 j 



4.3. Contribution of dry and wet component 

In order to to characterize the different contribu- 
tions of the transmission, we separated the dry and 
wet component and performed model calculations 
for three different altitudes (0, 3000 and 6000m). We 
used a standard 45° N H2 0-profile (scaled depend- 
ing on altitude for the wet component to give an in- 
tegrated column of 0.3 mm of pwv for all altitudes) 
and a 45° N temperature and pressure profile. Fig- 
ure 2a shows the purely dry air continuum (Pardo- 
2001 collisional dry air (N2-O2) and 02-Debye con- 
tinua) alone and curves including all non- water lines. 
(For simplification, we did not separate the differ- 
ent continua depending on frequency as explained 
in Sec. 4.2.) Strong lines from O2 or O3 cause signif- 
icant broad-band absorption, in particular at lower 
frequencies. The dry air continuum (without O2 
and O3 lines) is dominated by N2+O2 non-resonant 
absorption below 300 GHz and only by N2 non- 
resonant absorption above 300 GHz. 

Figure 2b displays the wet component alone 
(Pardo-2001 H20-continuum and all water lines) at 
a pwv of 0.3mm. The water vapor spectrum is char- 
acterized by strong and broad water absorption lines 
and an increasing continuum absorption with fre- 
quency. Though this plot shows only the wet compo- 
nent at 0.3 mm (which is a rather low value, found 
only at the driest sites on Earth), it is obvious that 
the absorption due to the wet component - in partic- 
ular H2O line absorption - is generally more impor- 
tant than the dry component (lines+continuum) . 
Suitability of a given site for astronomical or atmo- 
spheric observations depends largely on the specific 
(local) weather conditions at the site, including hu- 
midity and cloudiness. Here we can only generally 
state that low humidity and high altitude are both 
beneficial for the observation conditions, whilst in 
practise also logistical issues such as accessibility are 
of major relevance. 

4.4. Assumptions of the model and real atmosphere 

Our model calculations are based on the clear sky 
assumption, i.e do not include the effect of water 
clouds and cirrus. Absorption of thin and sub- visual 
cirrus is typically negligible to radio observations, 



but the observer should watch out for significant 
ice and more importantly liquid water clouds which 
affect the observations or calibration procedures. 

Another aspect to consider is the timescale for the 
stability of the transmission. Even under 'clear-sky' 
conditions, a variation of the attenuation of the at- 
mosphere due to changes of humidity and tempera- 
ture causes slow changes in transmission (timescale 
of several hours) and thus creates difficulties in cal- 
ibration. This can be corrected for by regularly per- 
forming sky-dips. Moving inhomogeneities of the 
water vapor distribution, however, cause rapid fiuc- 
tuations (seconds to minutes) in the atmospheric ra- 
diation, leading to noise in the observations (called 
'seeing' in the optical wavelength range and 'sky 
noise' in the (sub)mm-range) which are not easy to 
correct for. 



4.5. Specific input parameters 

Since tropospheric water is the main atmospheric 
absorber at (sub)-mm wavelengths and varies signif- 
icantly with time, we need to provide a common base 
for inter-comparison with results from other mod- 
els. We thus present model calculations for different 
amounts of precipitable water vapor (pwv) . Taking 
into account the altitude of the site, we produced 
different H2O vertical profiles by scaling the tropo- 
spheric part of the U.S. standard profile accordingly 
(i.e. so that the integrated H2O column above the 
site corresponds to a certain pwv). 

For O2 and O3, H2O, and the minor species (e.g. 
NO, N2O, CO, SO2, HNO3, etc.) we use typical 
mid-latitude vertical profiles. The full set of profiles 
as well as Temperature (T) and pressure (p) pro- 
files can be found on our website. The T,p-profiles 
used here are climatological monthly averages (July 
for ALMA and DOME-C, January for KOSMA and 
JCMT/CSO) and zonal means over 10 degrees. For 
example, the site of ALMA at 23°S was obtained 
by averaging T,p- profiles between 20 and 30 degrees 
South. 

All models shown in this paper were calculated 
for 90° elevation, i.e. zenith view, and have a fre- 
quency resolution of 200 MHz. A large number of 
additional computations at higher spectral resolu- 
tion, different water vapor columns as well as zooms 
into particular frequency ranges of potential inter- 
est can be found on our website. There, we also pro- 
vide graphical displays and numerical data files (2- 
column ascii-format with frequency and transmis- 
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sion) for more cases, e.g., other Antarctic stations, 
CCAT, the NASA/DLR aircraft SOFIA (Strato- 
spheric Observatory for Infrared Astronomy), and 
balloon experiments. 

4.6. Transmission for selected sites 

Figures 3 to 7 show the results of our forward 
calculations in the frequency range 0-2000 GHz 
(frequency resolution 200 MHz) for four different 
observatories. We selected the KOSMA (Gorner- 
grat, Swiss Alps) and CSO/JCMT (Mauna Kea) 
sites because atmospheric HCN observations with 
these telescopes will be presented in Paper-II. The 
ALMA/APEX (Chajnantor) site is of large impor- 
tance for astronomy and represents a very high- 
altitude (~5000m) site at a latitude of about 
23°S. DOME-C is a potentially very interest- 
ing location for performing aeronomy observa- 
tions related to polar ozone chemistry since it 
is located inside the Antarctic polar vortex at 
75 °S,123°W (Concordia station at 32 60m altitude, 
see http:/ /www.concordiastation.org|). Calculations 
were done using three different amounts of precip- 
itable water vapor, depending on site and published 
literature. We thus chose for KOSMA a pwv of 0.5, 1, 
and 2mm while Mauna Kea, DOME-C, and ALMA 
show smaller pwv's on average so that we run mod- 
els with pwv=0.3, 0.6, and 1mm. We want to em- 
phasize that in this study, we only present transmis- 
sion curves and do not discuss the general 'quality' 
of different sites. For that, statistics on the cumu- 
lative probability for the fraction of time above a 
certain transmission value have to be considered as 
well as other meterological f actors like atmospheric 



stability, wind etc.. See, e.g.. lLawrence et al 



and M inier et al. [2009 in p rep.] for DOME -C 



20041 



Marks! 



2002| for DOME-A, and lOterola et all i200d | for 



ALMA. 

4.6.1. KOSMA (3200m) 

It becomes obvious from Fig. 3 - and is known 
since long - that the millimetre wavelengths range 
(up to 400 GHz) has the best transmission with val- 
ues better than 40% even for a pwv of 2mm. How- 
ever, a few strong and broad absorption lines of H2 O , 
O2, and O3, are present in this frequency range. 
These are for example O2 lines at 60 and 119 GHz 
and the H2O line at 183 GHz. Since the atmosphere 
is very transparent in this frequency range for all 
sites discussed in this paper, we will not go into more 



details here but focus on the higher frequency ranges 
(>400 GHz). Only a few atmospheric windows open 
at ^^410, 480, '^660, and 850 GHz where a transmis- 
sion of up to 40% can be reached. The THz-range, 
however, has only few windows: one at 1050 GHz, 
one at 1300 GHz, and one at 1500 GHz with a trans- 
mission rarely above 10%. Successful! astronomical 
observations at KOSMA were performed at frequen- 
cies of around 115, 230, 345, 461, 492, and 806/809 
GHz and thus demonstrate the capability of this 
site as a sub-mm observatory. Further information 
on the atmospheric transparency at KOSMA can 



be found at http : / /phi . uni-koeln. de/kosma and in 
' 199q. 



Kramer and Stutzki 



4.6.2. JCMT/CSO (4100m) 

Transmission curves for 0.3, 0.6, and 1mm pwv 
are displayed in Fig. 4. Although the higher al- 
titude of Mauna Kea compared to the KOSMA 
site in the Swiss Alps increases the transparency 
of the atmosphere, this effect is only significant 
at high frequencies. The windows at 660 and 850 
GHz have a transmission of 30% for pwv=lmm at 
Mauna Kea while at KOSMA, the transmission at 
the same pwv is 5% less. In contrast to KOSMA, 
the high-frequency windows now open up with 
transmissions up to 20% and thus allow occasion- 
ally observations of atmospheric tracers as well 
as astronomically interesting lines up to 950 GHz 
(e.g., NH2 at 902 GHz). Experimental observations 
above 1 THz become feasible (e.g., NH+ at 1.0126 
THz, P-H2D+ at 1.37 THz, [Nil] at 1.46 GHz. 
Observable lines for aeronomy are for example CO, 
NO, NO2, OH, HO2, H2CO, HOCl, HOBr, HCN. 
Some other trace gases like N2O, OCS, and CH3CI 
have their maximum emission below 1 THz. The 
reason for the better transmission is the higher alti- 
tude of the site (3200m for KOSMA and 4100m for 
Mauna Kea) and the generally (slightly) lower pwv. 
A comparison with a transmission calculator (see 
http : / / www. submm. caltech . edu /cso/ weather / atplot . shtml | 
provided on the CSO website (based on the ATM 



model of iPardo et al.l [200l|) shows a deviation 



to ATM of less than 5% for all frequency ranges 
and values of pwvs. This is an interesting re- 
sult, in view of the different implementations of 
the two programs and different input values for 
water, temperature, and pressure profiles. Inter- 
compariso n of cle a r-sky radiative transfer models 



Mclshei mer et al.l . |2005| . when the user had the 



free choice of selecting spectroscopic data and con- 
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tinuum model for their calculation, show difference 
of 10% at mm wavelength. 

One advantage of the M auna Kea site i s tha t 



the water hne at 183 GHz [Wiedner et all l200lj . 
and the continuum opacity at 225 GHz are contin- 
uosly monitored with dedicated radiometers. This 
allows a precise calibration of data and to establish 
a helpful statistics on the diurnal and yearly varia- 
tion of the optical depth at 225 GHz (r225). It was 
found that T225 and the precipitable water are re- 
lated by T225 = 0.01 -I- 0.04 pwv and that the opac- 
ity at higher frequencies, i.e. 345 GHz, can be cal- 
culated by r345 = 0.05 -I- 2.5T225. The opacity at 
any frequency up to 1.6 THz can be accurately cal- 
culated using the WVM measurements at 183 GHz 



4.6.4. DOME-C (3200m) 

The transmission curves for the DOME-C site 
(Fig. 6) for values of pwv=0.3, 0.6, and 1mm are typ- 
ically 5-10% lower than the ones for ALMA. Below 
1 THz, the difference is 10% and above 1 THz the 
difference becomes smaller with a transmission of up 
to 15% for the high-frequency windows for ALMA 
and 10% for DOME-C. 

Site-testing stud ies for DOME-C (see e.g. 



Minier et al 



Pardo et all . 12004 1 



2008l | for a summary) show that the 
absolute values for pwv can drop very low. We thus 
run models of pwvs of 0.1, 0.2, and 0.3 mm, shown in 
Fig. 7. For exceptional conditions, i.e. pwv around 
0.1mm, the transmission in some THz-windows of 
interest can go up to 30%. This is, however, also 
true for the ALMA site (5100m) and possible future 
sites like that chosen for CCAT (5600m) or DOME- 
A (4100m). In fact, CCAT - due to its higher ahi- 
tude - offers an even better transmission at the same 
pwv than all other sites investigated in this study 
(see webpagc for more info). Recent, long-term mea- 
surements at 200 /im [Tremblin et al. 2009, in prep.] 
show, however, that Dome C is a better site than 
(http://www. apex-telescope. org/sites/chajnantor/atmostjiiBeiB^^t Chajnantor site (i.e. mountains at >5500 



4.6.3. ALMA (5100m) 



As 



of 



stated 
the 



on the website 

APEX radiotelescope 



the median pwv is 1mm but can occasionally fall 
below 0.3mm. Conditions of pwv<0.5mm can be 
expected up to 25% of the time between April and 
December (the interval between December and 
April is used for technical work and commission- 
ing of new instruments and could potentially be 
considered for long-term atmospheric monitoring 
projects). We thus run models for pwvs of 0.3, 0.6, 
and 1mm and display the results in Fig. 5. The 
absoute difference of transmission compared to the 
Mauna Kea site is typically smaller than 10% over 
all frequency ranges. What makes ALMA an excep- 
tional site is the hi gh cumulative proba blity of pwv 
values below 1mm Oterola et al.l . l2005l | . 

A first order comparison with the ATM 
model in the frequency range 10 to 1610 GHz 



m) in terms of pwv percentiles. 

To explore in more detail the quality of the 
DOME-C site in the mid-IR wavelength range, we 
run a model at pwv=0.2mm for frequencies up to 10 
THz (^3mm to 30 /im). Figure 8 demonstrates that 
several windows open between 30 and 50 /im. Astro- 
nomical continuum observations in this wavelength 
range trace, for example, warm dust in star forming 
regions. Combined with continuum data in the FIR 
range (in the 200, 350, 450, and 870 /^m windows), 
this will allow to derive spectral energy distribu- 
tions and thus the temperature of astrophysical 
objects. Several bolometers are alread y available for 



these wavelengths ranges: SHARC-II [Dowell et al 



2Q0l| at 350//m i nstalle d at t he CSO, LABOC A 
( http: / / www.mpifr-bonn.mpg.de/div/bolometer | 
at 870 nm at APEX, and p-ARTEMIS 



at APEX (200 and 350 /im are planned for a future 
ARTEMIS instrument). 



(that is provided by a web-based calculator, see 
http://www. apex-telescope. org/sites/chajnantor/atmosfliye^trbntepky 2.ilQ(i] at 450 ^m [Andre et al.l . l200 
for the same pwv's values shows a typical deviation 
of 5-10% between the results. In general, the ATM 
model is more optimistic than MOLIERE-5, but 
the general agreement is very good. Since the com- 
parison ATM/MOLIERE-5 for the CSO website 
was even better (deviations of less than 5%) it has 
to be clarified why the difference for the ALMA 5- Summary 
site is larger. This is either due to the temperature, 

pressure, and H2O profiles and/or different versions We compiled basic properties and technical char- 

of the ATM model for Mauna Kea and ALMA site. actcristics (optics, front- and back-ends, observ- 
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ing modes, calibration) of radiotelescopes with 
regard to their use for atmospheric hne ob- 
servations. Extensive tables inform about tele- 
scope's location, instrumentation and technical de- 
tails as well as a web site for further informa- 
tion (http: / /trans missioncurves.free.fr ) . We con- 
clude that many radiotelescopes offer a good poten- 
tial to be used for atmospheric line observations and 
encourage the aeronomy community to consider this 
potential. 

The capacity of the MOLIERE-5 radiative 
transfer model was demonstrated to produce trans- 
mission spectra for four astronomical observatory 
sites (KOSMA, Mauna Kea, ALMA, DOME-C) for 
frequencies between and 2 THz (up to 10 THz for 
DOME-C). These transmission curves are very use- 
ful to deduce the quality of a site for astronomical 
or atmospheric observations in the millimeter to 
FIR range. Results of model runs for other sites in 
form of graphical displays and ascii-data are given 
on a dedicated website. 
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Table 1 
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Fig. 1. Examples of mesospheric ^^CO 2^1 measurements at 230 GHz, taken with the KOSMA 3m telescope iBoed |l994l . 
All observations were performed with a Schottky receiver (Tree ~400 K) and an acousto optical spectrometer (AOS) with a 
bandwidth of 287 MHz and a spectral resolution of 167 kHz. The integration time is typically one hour, a) Simple frequency 
switching observation, b) load swichting observation using the cold load as reference, c) absorption measurement against the 
sun, and d) absorption measurement against the mountains. 
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Table 2 

Technical Specifications of Radiotelescopes. 





Fr6C[. Range'* 


i y pc / odiiu 


rec 






optjo.-' 


spec 


Spectral res. 


kJUo. iVlOQc 


r vv Jiiv± 








rT<"l 
[ilj 








[A/TTT'T'l 


[khzj 




r"i 
I 1 


CfA 


-LIO 




OO 


]^ 


1 4 


FB 


128 


9c;n Kfxn 

ZOU, OUU 


i^o,r o 






91 n_97n 


GTG /"HGR 


lOU 


1 
1 


1 A 


AOG 


fiO— 1 nnn 

DU lUUU 


en 1 1 nn 

OU liUU 


PG T G T^G PG 

r^o,i-i0 5iJ0 5r o 


1 "if) 




330-365 


SIS/DSB 


100 


1 


1.4 








PS,LS,BS,FS 


80 


TSI A ■M'T'TrTSl9 




GTG /TlG'R 


lOU 


1 

1 


1 ^ 
1-0 


AOG 


1 nnn 

4X iUUU 




PG T G RG PG 

i^o,ijo,iJO,r' o 


ztn 
^u 




i >?0 — oo± 




OUU / uu 


1 


1 .o 








PG T G RG PG 
1 o.ljo.Jjo.r o 


99 

zz 


Q p \ ( 1 


1 1 (1 / ■")'-'( 1 
i 1 U y z . n ) 










\ ( ' 


Ml ■' "1 Oil 
OU/ lUU 


"1 ■") Ml 
1 Z O U 


i O.J_)0 




GA/TT' 


ioU— oUU 


GTG /GGT3 

oio/ oor> 




o 
z 


5 


AVJo 


1 nnn 
iUUU 


onn 
yUU 


UG T3G 

i^o,r>o 


Oo— zo 




QOA DTK 


GTG /T~4GTD 

blo/JJors 


125 


1 


1.5 


17113 

r D 


o c;n on /I q 
zoU— zU4o 


Qo cr 1 nnn 
OO0,iUUU 


OG T3G 


22 




4zo— OUU 


GTG /T%GT3 


1 1 n 1 cn 
iiU— ioU 


n o 


4— D 


O 1 b 


oi 
zio 


/in 
4U 


PG RG 


1 K K 
iu.o 




at^o 'Ton 
Doz— i zU 


GTG /T^GPl 


vn oc^ 

1 u— yo 












PG RG 


1 1 
li 


A QT'TT 
Ao i Hj 


OZ4— ODD 


GTG /T%GT3 


1 OK 

izo 


4 


A Q 

4— o 


r r i b 


1 OC fil o 

izo, oiz 

/I nnn 
4UUU 


1 ofi c;no 
izo,oUU 

onnn 
zuUU 




oo 
zz 




195— zoU 


GTG /T^GT3 

bib/Uors 


50 


1 


1.2—1.8 


AUb 


r;n i cnn 
oU-ioUU 


50—700 


T3G T5G T7G 


33 




zoU— 4zU 


GTG /T~»GT3 

blb/JJbrs 


50 


1 


1.2—1.8 


T7T7'T'G 

r r i b 


cnn 1 nnn 
oUU-iUUU 




T3G T5G TTG 

Fb,r>b,r b 


O/l 

z4 




/I /in c;on 
44U— OzU 


GTG /T~lGT5 

blo/JJor> 


1 cro 
ioU 


i 


1 O 1 Q 
i.z— i.O 








TDG T5G 1?G 

i^b,i3o,r b 


iD.O 




ann yon 

OUU— ( ZU 


GTG /T^GT^ 


1 f^O 
1 ■. ) u 


1 


1 , Z— 1 .o 








PG RG PG 
1 o, J30 ,r o 


"1 /I 




TSO OoO 


SiS/DSL) 




[ 


12 18 








PS L)S I'S 


115 




zli— z / 


GTG /GGT3 

Oio/ oor> 


en 
oU 




A Q 
4— O 


TT'TrT'G 

r r i b 


1 nnn 
iUUU 


>DO 


IDG TTG 

i^b,r o 


Qn oc; 
oU— zo 




z i o— o ( U 


GTG /GGPl 


1 Q c; 
ioo 




4— O 








PG PG 
r^o,r o 


9Q 1 7 
zo— i / 




1 ncn 1 "iQA 


GTG /T^GT3 
bib/JJbrS 


onn 
zUU 




O A 

z— 4 








PG PG 
ro, r b 


c 

O 




fiQ on 


GTG /GGT3 


1 nn 
iUU 


i 


1 r; 
i.O 


T?T3 

r r> 


o.o— Oiz 


Qn onnn 
oU— zUUU 


PG RG PG 
Jrb,rSb,r b 


nn 'rn 
yu— ( U 




on 1 1 

yu— iio 


GTG /GGTi 
oio / ooij 


on 
oU 


1 

1 


1 

1.0 


A 

A*^ 


7c; Knn 
< o— DUU 


O— oizo 


PG RG PG 
i^Ojijo,!* o 


70 c;rr 
/ U— Oo 




loo -LOU 


^Tq /qqPt 
oio/ OOlJ 


125 


]^ 


1 ^ 

I.O 








P*> R'^ pt; 

X^O,1jO,P o 


'-^45 


— ^ — 

C^ingnai 


Rp; 1 1 

oOllO 


oio/ OOJJ 


fin 

DU 






AOG 


40 1 
■tIZ — i^lO 


7r: ono 
( o zuy 


PG 


1 nfi V 7n 

iUDX /u 


Metsahovi 


80—115 


bcnottky/ Ubo 


150 




1—1.6 


AUb 


50—1500 


50—700 


T>0 TDO TT'O 
rOjDbjt b 


^^45 




84-115 


SIS 


100 




3.7-4.2 








PS,BS,FS 






1 oo 1 7c; 
izy— 1 / 


GTG 

oio 


1 c;n 
ioU 




O. /— 4.i 








DG T3G T?G 

i^b,r>b,r b 


„ Q'y 

-^O ( 




147 


SIS 


145 




3.7-4.2 








PS,BS,FS 


~37 




OQO AOfl 


GTG /riGTi 
oio / UoIj 


f^O 

ou 


1 
1 


1 9 1 S 
1 , Z— I.O 








PG RG PG 

1^0,130,1 O 


OA 
Z^ 


J iVl 1 


911 970 

zil— z ( y 


GTG /DGT^ 
olo/iJoD 


7n 


1 Q 
i.O 


A 

4 


A 

AO 


onn 1 snn 
zuU— ioUU 


Qn Q77 
oU.o— y / ( 


PG RG PG 
i^o,r>o,r b 


9n 
zU 




ozo — O 1 


GTG /T^GPl 


loU 


1 8 

i.O 


A 








PG RG PG 
1^0,130, r o 


1 A 
i4t 




^OU OIU 


GTG /T^GPl 
oio/ UoJj 


oou 


1 fi 
i.O 


A 








PG RG PG 
r^OjDOji' o 


1 1 
1 i 




fiOft 71 o 

OZU 1 J-U 


oio / LJOSD 


oo 


1 fi 

I.O 


4 








pc pq PG 

i O , Do , 1 O 


Q 
O 


UoU 


18—50 

QA 1 1 
o4— ilD 


bcnottky 

GTG /GGT3 
bib/bbrS 


30—50 

on 1 Qn 

oU— ioU 






A o 
AU 


n nc; i oon 
U.Uo— izoU 


n nQ onn 
U.Uo— oUU 


OG T3G TTG 

i^b,i3b,r b 

PG RG PG 
r^b,l3b,r b 


210—75 

A A QQ 
44— OO 




OU ou 

76-117 


GTG /GGP4 

oio / OOI3 

SIS/SSB 


OU 

100 






T?T^ 
i* 13 


snnn 

oUUU 




PG PG 

PS,FS 


1 lo^jy 
45-30 


IRAM 


80-115 


SIS/DSB 


60-80 


0.5 


1.5 


FB 


10-1000 


3-4000 


PS,BS,FS 


29-22 




130-183 


SIS/DSB 


70-125 


1 


4 








PS,BS,FS 


14-15 




197-266 


SIS/DSB 


85-160 


1 


4 








PS,BS,FS 


13-9 




241-281 


SIS/DSB 


125-250 


1 


4 








PS,BS,FS 


11-9 




210-276 


SIS/DSB 


110-380 


1 


4 








PS,BS,FS 


12-9 


NRO 


72-115 


SIS/DSB 


250-900^ 


0.6 




AOS 


40,250,480 


1,37,250 


PS,FS 


23-15 




82-116 


SIS/DSB 


400-800^ 


0.6 


2-2.6 


AC 


4-512 


4-500 




20-14 



"Tunable frequency range of the receiver. ''Type of receiver (Slf^r Schottky)/Double-Sideband (DSB) or Single-Sideband (SSB) 
operation. Some of the receivers are of multi-beam type (not explicitly indicated) . "^Receiver noise temperature (without atmo- 
sphere). ''Receiver bandwidth. '^Intermediate frequency. •''Spectrometer type AOS: acousto optical spectrometer, FBtfilterbank, 
AC: autocorrelator, FFTS: Fast Fourier Transform Spectrometer. ^Spectrometer bandwidth. ''Observing Modes: PS=Position 
Switch, LS=Load Switch, BS=Beam Switch, FS=Frequency Switch. 'Beam Full Width Half Maximum for lower and upper 
frequency limits. 
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Fig. 2. a) Transmission calculated for three different altitudes, consider ing only the dry ai r component. The continuous curves 
show coUisionally induced abso rption (N2 and O2) from the models of lPardo et al.l I2OOIII . and relaxation (Debye) absorption 
of O2 (Rosenkranz 1993], Par do et all I2OOIII '). The other curves contain additional absorption due to all lines except water 
(including some strong lines like O2 or O3). b) Transmission calcul ated for three different altitudes, only taking into account 
the wet component (line and continuum), based on the model of lPardo et al.l 2001]. A common pwv of 0.3mm is used. The 
water continuum alone is included for comparison. The temperature and pressure profiles for all curves are from the 45° N 
U.S. standard atmosphere, the spectral resolution is 400 MHz (dry air) and 200 MHz (wet component), respectively. 
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Fig. 3. Transmission curves (in %) for 0.5, 1, and 2 mm precipitable water (pwv) for the KOSMA site (Gornergrat/Switzerland). 
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Fig. 4. Transmission curves (in %) for 0.3, 0.6, and 1 mm precipitable water (pwv) for the JCMT/CSO site (Mauna Kea/Hawaii). 
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Fig. 5. Atmospheric transmission (in %) for 0.3, 0.6, and 1mm precipitable water (pwv) for the ALMA/APEX site (Llano de 
Chajnantor). 
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Fig. 6. Atmospheric transmission (in %) for 0.3, 0.6, and 1 mm precipitable water (pwv) for the DOME-C site (Concordia 
station/Antarctica) . 
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Fig. 7. Atmospheric transmission (in %) for 0.1, 0.2, and 0.3 mm precipitable water (pwv) for the DOME-C site (Concordia 
station/Antarctica) . 
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Fig. 8. Atmospheric transmission (in %) for 0.2 mm precipitable water (pwv) for the frequency range 0—10 THz for the DOME-C 
site (Concordia station/Antarctica). The frequency resolution is 200 MHz. All H2O and minor species lines up to 10 THz are 

included. 
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